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1	Introduction
In this paper we discuss DRX enhancements for the following power saving objective in Rel-18 XR WID [1]:
	Specify the enhancements related to power saving:
-	DRX support of XR frame rates corresponding to non-integer periodicities (through at least semi-static mechanisms e.g. RRC signalling) (RAN2).



[bookmark: _Ref178064866]2	Discussion on DRX Enhancements for XR
[bookmark: _Ref105678701]2.1 Align DRX to non-integer traffic periodicity

RAN2 #122 [2] made the following agreement:
	Define DRX cycle based on rational numbers. Inform RAN1/4 about this and ask them to indicate if this causes issues in their specifications. 



Two different variants of a new DRX formula based on rational cycle numbers were proposed in previous meetings:
a) floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset in [4] and
b) floor(n modulo drx-LongCycle) = drx-StartOffset in [5][6],
where n = [(SFN × 10) + subframe number] and drx-LongCycle = dividend/divisor.

For the formula in a) we observed the following issue. Let’s assume the example of 60 fps, {dividend=1000, divisor=60} and n=1050. In MATLAB we observe different results for the following two cases, which should in fact be equivalent:
floor(1050 -(dividend/divisor*floor(1050/(dividend/divisor)))) = 16  rounding problem
floor(1050 -(dividend/divisor*floor(1050/dividend*divisor))) = 0  correct.
Furthermore, if n=2050, in MATLAB we observe:
floor(2050 -(dividend/divisor*floor(2050/(dividend/divisor)))) = 16  rounding problem
floor(2050 -(dividend/divisor*floor(2050/dividend*divisor))) = 16  rounding problem.

For the formula in b) we did not observe the same issue in MATLB, e.g.:
floor(2050 modulo (dividend/divisor)) = 0  correct. 
Thus, we prefer the formula variant in b) for Long DRX. The proposed modifications to the specifications are shown in Annex A. 

[bookmark: _Toc142603477]Enhance the Long DRX formula based on rational cycle values as: floor([(SFN × 10) + subframe number] modulo (drx-LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset. 

For this solution, two new parameters {drx-LongCycleDividend, drx-LongCycleDivisor} need to be introduced at RRC. The ranges of integer values that will be specified for drx-LongCycleDividend and drx-LongCycleDivisor need to ensure that current and future rational XR traffic periodicities are supported. Let us consider the example fps from [7]:
120 fps  periodicity 8.33 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={25, 3}
90 fps  periodicity 11.11 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={100, 9} 
72 fps  periodicity 13.88 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={125, 9} 
60 fps  periodicity 16.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={50, 3} 
45 fps  periodicity 22.22 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={200, 9} 
30 fps  periodicity 33.33 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={100, 3} 
15 fps  periodicity 66.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={200, 3}.

Other video examples from SA4 [10] are:
120000/1001 fps (119.88 fps)  periodicity 8.3417 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 120}
60000/1001 fps (59.94 fps)  periodicity 16.6833 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 60}
30000/1001 fps (29.97 fps)  periodicity 33.3666 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 30}
24 fps  periodicity 41.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={125, 3}
24000/1001 fps (23.97 fps)  periodicity 41.7083 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 24}
Therefore, the two new parameters {drx-LongCycleDividend, drx-LongCycleDivisor} that need to be introduced at RRC need to support at least the range of values from the examples above. The modifications needed in the RRC specifications are shown in Annex B.

[bookmark: _Toc142603478]The range of integer values defined at RRC for drx-LongCycleDividend and drx-LongCycleDivisor should be at least up to 1001 and 120, respectively.

Note that the Short DRX formula could be modified in a similar way, as proposed by other companies [6]:
floor([(SFN × 10) + subframe number] modulo (drx-ShortCycle)) = floor((drx-StartOffset) modulo (drx-ShortCycle)), 
where drx-ShortCycle=dividend/divisor.
In this case, two new parameters {drx-ShortCycleDividend, drx-ShortCycleDivisor} would have to be introduced at RRC also for Short DRX. Nonetheless, for alignment with the periodicity of a traffic flow, enhancing only the Long DRX formula seems to be sufficient, especially if many values are supported for {drx-LongCycleDividend, drx-LongCycleDivisor}. Furthermore, modifying the Short DRX formula to introduce rational cycles may result in further conflicts with the requirement that the configured Long DRX cycle must be a multiple of the Short DRX cycle, if Short DRX is configured.

[bookmark: _Toc142603479]RAN2 to discuss whether enhancing the Short DRX formula is needed, considering that for every Short DRX cycle there must be a Long DRX cycle, which is a multiple of the Short cycle.
2.2 SFN wrap-around enhancement for C-DRX

RAN2 #121-bis-e [3] and #122 [2] made the following agreements:
	To address SFN wrap around, it is proposed to adopt option with a counter in DRX formula that increments at every SFN wrap around and an DRX reference SFN signalled by network. FFS if this is based on H-SFN, E-SFN or a generic counter.

Not use broadcast signalling for counter and reference SFN in XR.



This section addresses these agreements. A simple modification of the DRX formula can be made to introduce a generic counter m that is kept individually at the UE and gNB:
[((1024×m + SFN) × 10) + subframe number] modulo (drx-LongCycle) = drx-StartOffset,
where m=0 when DRX is activated and is incremented every time SFN=0. 
This SFN wrap-around solution requires only minimal MAC specification changes (see Annex A and Annex B) and can be easily integrated into the DRX alignment solution with rational cycle values. 
Let us now discuss why it is useful to use a generic counter m, instead of H-SFN or E-SFN.  
· If m is a generic counter, it can be initialized when DRX is activated and can be increased for a long time, ensuring that no interruption occurs during the XR session. This can be ensured by, e.g. using a sufficient number of bits for m. For instance, if m is represented on 16 bits, m wraps around 10240*65536 ms = 186.4 hours after DRX was configured, most likely covering the duration of an XR session. Moreover, a similar approach with a counter N that keeps increasing has also been specified for CG Type 1 in [8], so this overall approach of an increasing counter is known in 3GPP specifications: 
	After an uplink grant is configured for a configured grant Type 1, the MAC entity shall consider sequentially that the Nth (N >= 0) uplink grant occurs in the symbol for which:
	[(SFN × numberOfSlotsPerFrame × numberOfSymbolsPerSlot)
	+ (slot number in the frame × numberOfSymbolsPerSlot) + symbol number in the slot] =
	(timeReferenceSFN × numberOfSlotsPerFrame × numberOfSymbolsPerSlot
	+ timeDomainOffset × numberOfSymbolsPerSlot + S + N × periodicity)
	modulo (1024 × numberOfSlotsPerFrame × numberOfSymbolsPerSlot)



· If H-SFN (hyper SFN) is used in the DRX formula instead of the generic counter m, there is a risk of a DRX misalignment as in the original SFN wrap-around problem. This could happen since H-SFN is a parameter that is sent by the network in the SIB1 message and has a range from 0 to 1023 (10 bits) [9]. If DRX is configured close to the H-SFN wrap-around, a wrap-around misalignment may occur. Moreover, H-SFN was specified as an optional parameter in Rel-17 (hyperSFN-r17) for eDRX (used for paging in idle/inactive RRC modes), so it is not always sent by the network.   
· Instead of the generic counter m, some companies proposed to introduce a counter E-SFN. Although E-SFN is also a type of generic counter, the difference is that E-SFN has a configurable maximum value, e.g. 9, after which it wraps around. If such a feature is adopted, the maximum value of E-SFN needs to be selected based on the DRX cycle length (and implicitly on the traffic periodicity), to ensure there is no E-SFN wrap-around problem. Namely, the time after which E-SFN wraps around needs to be a multiple of the DRX cycle length. Thus, using E-SFN is more complicated and requires more careful configuration based on traffic characteristics, compared to the simpler solution of a generic counter m that keeps increasing, as proposed above.

[bookmark: _Toc115269956][bookmark: _Toc142603480]Solve the SFN wrap-around problem in the DRX formula, by introducing a generic counter which increments every time that SFN wraps around.

In order to solve ambiguities about when to initialize m=0, the network could indicate to the UE via RRC a specific reference SFN in which m shall be initialized. For this, RRC specification changes are required to introduce this new parameter (specific reference SFN), while in the MAC specifications some short procedural text is sufficient and no further changes are required in the DRX formula. Namely, the reference SFN does not need to be introduced in the DRX formula, unlike the solution for Rel-16 IIoT CG Type 1 above. Nonetheless, the definition of the reference SFN for DRX can be similar to that of the reference SFN for CG Type 1 [8]: 
	“timeReferenceSFN: SFN used for determination of the offset of a resource in time domain. The UE uses the closest SFN with the indicated number preceding the reception of the configured grant configuration.” 



The proposed MAC and RRC specification changes for the SFN wrap-around solution are shown in Annex A and Annex B.

[bookmark: _Toc142603481]Initialize the generic counter for SFN wrap-around solution in a specific reference SFN value sent from network to UE via RRC.
Conclusion

Based on the discussion in the previous sections we propose the following:
Proposal 1	Enhance the Long DRX formula based on rational cycle values as: floor([(SFN × 10) + subframe number] modulo (drx-LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset.
Proposal 2	The range of integer values defined at RRC for drx-LongCycleDividend and drx-LongCycleDivisor should be at least up to 1001 and 120, respectively.
Proposal 3	RAN2 to discuss whether enhancing the Short DRX formula is needed, considering that for every Short DRX cycle there must be a Long DRX cycle, which is a multiple of the Short cycle.
Proposal 4	Solve the SFN wrap-around problem in the DRX formula, by introducing a generic counter which increments every time that SFN wraps around.
Proposal 5	Initialize the generic counter for SFN wrap-around solution in a specific reference SFN value sent from network to UE via RRC.
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Annex A: Modifications to integrate DRX rational cycles and SFN wrap-around solution in MAC specifications
The modifications needed in the 3GPP MAC specifications in [8] to capture the Long DRX alignment solution and SFN wrap-around solution are marked in red below. 

	RRC controls DRX operation by configuring the following parameters:
-	drx-onDurationTimer: the duration at the beginning of a DRX cycle;
-	drx-SlotOffset: the delay before starting the drx-onDurationTimer;
-	drx-InactivityTimer: the duration after the PDCCH occasion in which a PDCCH indicates a new UL, DL or SL transmission for the MAC entity;
-	drx-RetransmissionTimerDL (per DL HARQ process except for the broadcast process): the maximum duration until a DL retransmission is received;
-	drx-RetransmissionTimerUL (per UL HARQ process): the maximum duration until a grant for UL retransmission is received;
-	drx-LongCycleStartOffset: the Long DRX cycle and drx-StartOffset which defines the subframe where the Long and Short DRX cycle starts;
· drx-LongCycleDividend (optional): the dividend for a rational Long DRX cycle;
· drx-LongCycleDivisor (optional): the divisor for a rational Long DRX cycle;
· drx-ReferenceSFN (optional): SFN used for determination of the frame in which counter m shall be initialized with 0. The UE uses the closest SFN with the indicated number preceding the reception of the DRX configuration.
-	drx-ShortCycle (optional): the Short DRX cycle;
-	drx-ShortCycleTimer (optional): the duration the UE shall follow the Short DRX cycle;
…




	1> if SFN=0
     2> m = m+1
1> if the Short DRX cycle is used for a DRX group, and [(1024×m + SFN) × 10 + subframe number] modulo (drx-ShortCycle) = (drx-StartOffset) modulo (drx-ShortCycle):
     2> start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe.
1> if the Long DRX cycle is used for a DRX group, and floor([(1024×m + SFN) × 10 + subframe number] modulo (drx-LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset: …




Annex B: Modifications to integrate DRX rational cycles and SFN wrap-around solution in RRC specifications

The modifications needed in the 3GPP RRC specifications in [9] to capture the Long DRX alignment solution and SFN wrap-around solution are marked in red below. 
DRX-Config information element
-- ASN1START
-- TAG-DRX-CONFIG-START

DRX-Config ::=                      SEQUENCE {
    drx-onDurationTimer                 CHOICE {
                                            subMilliSeconds INTEGER (1..31),
                                            milliSeconds    ENUMERATED {
                                                ms1, ms2, ms3, ms4, ms5, ms6, ms8, ms10, ms20, ms30, ms40, ms50, ms60,
                                                ms80, ms100, ms200, ms300, ms400, ms500, ms600, ms800, ms1000, ms1200,
                                                ms1600, spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 }
                                            },
    drx-InactivityTimer                 ENUMERATED {
                                            ms0, ms1, ms2, ms3, ms4, ms5, ms6, ms8, ms10, ms20, ms30, ms40, ms50, ms60, ms80,
                                            ms100, ms200, ms300, ms500, ms750, ms1280, ms1920, ms2560, spare9, spare8,
                                            spare7, spare6, spare5, spare4, spare3, spare2, spare1},
    drx-HARQ-RTT-TimerDL                INTEGER (0..56),
    drx-HARQ-RTT-TimerUL                INTEGER (0..56),
    drx-RetransmissionTimerDL           ENUMERATED {
                                            sl0, sl1, sl2, sl4, sl6, sl8, sl16, sl24, sl33, sl40, sl64, sl80, sl96, sl112, sl128,
                                            sl160, sl320, spare15, spare14, spare13, spare12, spare11, spare10, spare9,
                                            spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1},
    drx-RetransmissionTimerUL           ENUMERATED {
                                            sl0, sl1, sl2, sl4, sl6, sl8, sl16, sl24, sl33, sl40, sl64, sl80, sl96, sl112, sl128,
                                            sl160, sl320, spare15, spare14, spare13, spare12, spare11, spare10, spare9,
                                            spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 },
    drx-LongCycleStartOffset            CHOICE {
        ms10                                INTEGER(0..9),
        ms20                                INTEGER(0..19),
        ms32                                INTEGER(0..31),
        ms40                                INTEGER(0..39),
        ms60                                INTEGER(0..59),
        ms64                                INTEGER(0..63),
        ms70                                INTEGER(0..69),
        ms80                                INTEGER(0..79),
        ms128                               INTEGER(0..127),
        ms160                               INTEGER(0..159),
        ms256                               INTEGER(0..255),
        ms320                               INTEGER(0..319),
        ms512                               INTEGER(0..511),
        ms640                               INTEGER(0..639),
        ms1024                              INTEGER(0..1023),
        ms1280                              INTEGER(0..1279),
        ms2048                              INTEGER(0..2047),
        ms2560                              INTEGER(0..2559),
        ms5120                              INTEGER(0..5119),
        ms10240                             INTEGER(0..10239)
    },
    shortDRX                            SEQUENCE {
        drx-ShortCycle                      ENUMERATED  {
                                                ms2, ms3, ms4, ms5, ms6, ms7, ms8, ms10, ms14, ms16, ms20, ms30, ms32,
                                                ms35, ms40, ms64, ms80, ms128, ms160, ms256, ms320, ms512, ms640, spare9,
                                                spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 },
        drx-ShortCycleTimer                 INTEGER (1..16)
    }                                                                                                           OPTIONAL,   -- Need R
    drx-SlotOffset                      INTEGER (0..31)
}

DRX-ConfigExt-v1700 ::=                 SEQUENCE {
    drx-HARQ-RTT-TimerDL-r17                INTEGER (0..448),
    drx-HARQ-RTT-TimerUL-r17                INTEGER (0..448)
}

DRX-ConfigExt-v1800 ::=                 SEQUENCE {
    drx-LongCycleDividend-r18             INTEGER (1..1001),
    drx-LongCycleDivisor-r18              INTEGER (1..120),
	drx-ReferenceSFN-r18				  INTEGER (0..1023)  
}

-- TAG-DRX-CONFIG-STOP
-- ASN1STOP

	DRX-Config field descriptions

	drx-HARQ-RTT-TimerDL
Value in number of symbols of the BWP where the transport block was received. drx-HARQ-RTT-TimerDL-r17 is only applicable for SCS 480 kHz and 960 kHz. If configured, the UE shall ignore drx-HARQ-RTT-TimerDL (without suffix) for SCS 480 kHz and 960 kHz.

	drx-HARQ-RTT-TimerUL
Value in number of symbols of the BWP where the transport block was transmitted. drx-HARQ-RTT-TimerUL-r17 is only applicable for SCS 480 kHz and 960 kHz. If configured, the UE shall ignore drx-HARQ-RTT-TimerUL (without suffix) for SCS 480 kHz and 960 kHz.

	drx-InactivityTimer
Value in multiple integers of 1 ms. ms0 corresponds to 0, ms1 corresponds to 1 ms, ms2 corresponds to 2 ms, and so on.

	drx-LongCycleStartOffset
drx-LongCycle in ms and drx-StartOffset in multiples of 1 ms. If drx-ShortCycle is configured, the value of drx-LongCycle shall be a multiple of the drx-ShortCycle value.

	drx-LongCycleDividend
Value in ms. If configured, the UE shall ignore drx-LongCycle in drx-LongCycleStartOffset IE.

	drx-LongCycleDivisor
Integer value smaller than drx-LongCycleDividend. 

	drx-ReferenceSFN
Reference SFN in which counter m shall be initialized with 0. If configured, the UE assumes m=0 in the closest SFN with the indicated number preceding the reception of the DRX configuration.

	drx-onDurationTimer
Value in multiples of 1/32 ms (subMilliSeconds) or in ms (milliSecond). For the latter, value ms1 corresponds to 1 ms, value ms2 corresponds to 2 ms, and so on.

	drx-RetransmissionTimerDL
Value in number of slot lengths of the BWP where the transport block was received. value sl0 corresponds to 0 slots, sl1 corresponds to 1 slot, sl2 corresponds to 2 slots, and so on.

	drx-RetransmissionTimerUL
Value in number of slot lengths of the BWP where the transport block was transmitted. sl0 corresponds to 0 slots, sl1 corresponds to 1 slot, sl2 corresponds to 2 slots, and so on.

	drx-ShortCycleTimer
Value in multiples of drx-ShortCycle. A value of 1 corresponds to drx-ShortCycle, a value of 2 corresponds to 2 * drx-ShortCycle and so on.

	drx-ShortCycle
Value in ms. ms1 corresponds to 1 ms, ms2 corresponds to 2 ms, and so on.

	drx-SlotOffset
Value in 1/32 ms. Value 0 corresponds to 0 ms, value 1 corresponds to 1/32 ms, value 2 corresponds to 2/32 ms, and so on.
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